Distinct Nature of Orbital Selective Mott Phases Dominated by the
  Low-energy Local Spin Fluctuations by Song, Ze-Yi et al.
Distinct Nature of Orbital Selective Mott Phases Dominated by the Low-energy Local
Spin Fluctuations
Ze-Yi Song,1 Xiu-Cai Jiang,1 Hai-Qing Lin,2 and Yu-Zhong Zhang1, 2, ∗
1Shanghai Key Laboratory of Special Artificial Microstructure Materials and Technology,
School of Physics Science and engineering, Tongji University, Shanghai 200092, P.R. China
2Beijing Computational Science Research Center, Beijing 100084, P.R. China
(Dated: August 20, 2018)
Abstract
Quantum orbital selective Mott (OSM) transitions are investigated within dynamical mean-field
theory based on a two-orbital Hubbard model with different bandwidth at half filling. We find two
distinct OSM phases both showing coexistence of itinerant electrons and localized spins, dependent
on whether the Hund’s coupling is full or of Ising type. The critical values and the nature of the
OSM transitions are efficiently determined by entanglement entropy. We reveal that vanishing of
the Kondo energy scale evidenced by absence of local spin fluctuations at low frequency in local
dynamical spin susceptibility is responsible for the appearance of non-Fermi-liquid OSM phase in
Ising Hund’s coupling case. We argue that this scenario can also be applied to account for emergent
quantum non-Fermi liquid in one-band Hubbard model when short-range antiferromagnetic order
is considered.
PACS numbers:
I. INTRODUCTION
Mott metal-insulator transition in a single-band Hub-
bard model at half-filling, realized in parent compound of
high-Tc cuprates like La2CuO4
1,2, has been extensively
studied and a clear physics picture has emerged with the
development of dynamical mean-field theory (DMFT)
which is exact in infinite dimensions2,3. However, many
correlated materials with more than one orbital across
the Fermi level can not be described by the one-band
Hubbard model. It has been shown that the orbital
degrees of freedom together with the Hund’s coupling,
which are two important ingredients in the multi-band
Hubbard model, may be responsible for many anoma-
lous properties observed in topical multi-orbital materi-
als like iron-based superconductors4,5, ruthenates6,7 and
other 4d transition metal oxides8,9.
The most distinctive and intensively studied phe-
nomenon induced by above two factors is the appearance
of an orbital selective Mott (OSM) phase which is orig-
inally proposed to account for magnetic metallic state
observed in Ca2−xSrxRuO410. The OSM phase is char-
acterized by coexistence of itinerant electrons and local-
ized spins in same atomic subshell and is supposed to
be the parent state for superconductivity in iron-based
superconductors11. The phase was recently detected in
various iron chalcogenides12–14. And within the OSM
phase, it has been realized that magnetic and supercon-
ducting properties of iron-based superconductors can be
successfully explained15–18. Moreover, it is known that
the Kondo breakdown in heavy-fermion systems is con-
ceptually identical to the quantum OSM phase19–21 and
the momentum-space differentiation in doped cuprates
can be viewed as the OSM phase in momentum-space22.
It is widely accepted that the Hund’s coupling acts as
a band decoupler through the suppression of orbital fluc-
tuations23, and the asymmetry among different orbitals
due to various origins24–28 leads to Mott transitions sepa-
rately taking place in each orbital at different interaction
strength. As a consequence, localized and itinerant elec-
trons coexist in a certain range of the on-site Coulomb
repulsion.
Though above scenario derived from slave spin mean
field23 approximation sounds plausible, a few fundamen-
tal questions remain unsolved. First, DMFT calcula-
tions with exact diagonalization (ED) as an impurity
solver gave contradictory conclusions with respect to the
ground state properties of the OSM phase29,30. While it
was pointed out previously that the nature of the OSM
phase is strongly dependent on whether the Hund’s cou-
pling is full or of Ising type29 where the spin-flip and
pair-hopping terms are absent, recent work indicates no
qualitative difference between full and Ising Hund’s cou-
plings in the OSM phase30. Despite of the later work, the
underlying physical quantity responsible for possible dif-
ferent nature of the OSM phase, i.e., the Fermi liquid be-
havior in the case of full Hund’s coupling but non-Fermi
liquid behavior in Ising limit31, is still unknown. Specif-
ically, reminiscence of the study of kink energy scale in
one-band Hubbard model32–35, can the local spin sus-
ceptibility be a general quantity to distinguish the Fermi
liquid from the non-Fermi liquid in the quantum OSM
phase? Recently, a single kink energy scale along with a
single maximum in the local spin susceptibility was found
in the metallic state of a two-orbital Hubbard model with
different bandwidth36, indicating a close relation between
energy scale of spin fluctuations present in the local spin
susceptibility and the Fermi-liquid energy scale.
Second, a few recent studies based on slave spin mean
field approximation supposed that the spin-flip and pair-
hopping terms are negligible37,38, simply due to the fact
that these terms are difficult to treat. Therefore, it is
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2interesting to explore the validity of such an assump-
tion. Third, DMFT calculations with different impurity
solvers give opposite conclusions on whether there is an
OSM phase in the two-orbital Hubbard model with Ising
Hund’s coupling at bandwidth ratio equal to 239,40. And
finally, the order of the phase transitions is still under
debate26,41–43.
In this paper, we will revisit the quantum OSM transi-
tions based on a two-orbital Hubbard model with differ-
ent bandwidth by employing combination of DMFT and
ED3 at half filling. We will show that the order of OSM
transitions can be clearly identified by the entanglement
entropy and the inconsistency between DMFT calcula-
tions with different impurity solvers can be resolved. By
analyzing local dynamical spin susceptibilities, we find
that the presence of local spin fluctuations at low fre-
quency is responsible for the Fermi liquid behavior in
full Hund’s coupling case while its absence indicates van-
ishing of the Kondo energy scale, leads to the absence of
quasi-particle peak at the Fermi level and the appearance
of non-Fermi liquid behavior, in Ising Hund’s coupling
case.
II. MODEL AND METHOD
The two-orbital Hubbard model with narrow and wide
bandwidth is defined as
H = −
∑
〈ij〉γσ
tγijc
†
iγσcjγσ − µ
∑
iγσ
niγσ (1)
+ U
∑
iγ
niγ↑niγ↓ +
(
U ′ − Jz
)∑
iσ
niaσnibσ
+ U ′
∑
iσ
niaσnibσ¯ − J ′
∑
i
[
S+iaS
−
ib + S
−
iaS
+
ib
]
− Jp
∑
i
[
c†ia↑c
†
ia↓cib↑cib↓ + c
†
ib↑c
†
ib↓cia↑cia↓,
]
where tγij is hopping integral between nearest neighbor
sites i and j denoted by 〈ij〉 in orbital γ = N,W . U , U ′
and Jz, J
′, Jp are the intra-orbital, inter-orbital Coulomb
interaction and the Hund’s coupling divided into Ising
term, spin flip term, paring hopping term, respectively.
c†iγσ (ciγσ) creates (annihilates) an electron in orbital γ
of site i with spin σ. niγσ = c
†
iγσciγσ is the occupation
operator, while S+iγ = c
†
iγ↑ciγ↓ the spin operator. Here,
J ′ = Jp = Jz represents the case of full Hund’s coupling
while J ′ = Jp = 0 stands for Ising Hund’s coupling case.
Both cases satisfy the condition of U = U ′ + 2Jz. The
chemical potential of µ = U/2 + U ′ − Jz/2 is used to
ensure half-filling condition in both bands.
We investigate the ground state properties of model (1)
in the paramagnetic state by combination of DMFT and
ED3,44,45 where the two-orbital lattice model is mapped
onto a two impurity Anderson model with each impurity
coupled to 6 discretized bath sites which are determined
self-consistently through
(g0γ (iωn))
−1 − Σγ (iωn) (2)
=
(∫
dρ0γ ()
iωn + µ− − Σγ (iωn)
)−1
.
Here, iωn is the Matsubara frequency, and g
0
γ (iωn) is
the Weiss field where hybridization function of the impu-
rity Anderson model is involved, while Σγ (iωn) is the lo-
cal self-energy. We choose semielliptical density of states
(DOS) as the noninteracting DOS for each orbital,
ρ0γ () =
2
piDγ
√
1− ( 
Dγ
)2 (3)
where Dγ is the half bandwidth. We use DN of narrower
band as our unit of energy. In our calculations, we set an
effective inverse temperature βDN = 200 which serves
as a low-frequency cutoff. Unless specified otherwise, the
case of bandwidth ratio of DW /DN = 2 and Jz = U/4 is
investigated, which is the most frequently studied case in
the literature. (See Appendix A and C for details of the
method and analyses of finite-size effect, respectively.)
III. RESULTS
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FIG. 1: (Color online) Entanglement entropy as a function
of U for three different bandwidth ratio in the case of full
(a) and Ising (b) Hund’s coupling. Dashed lines indicate the
phase boundaries.
Fig. 1 shows for full and Ising Hund’s coupling cases,
the local entanglement entropy which measures the
strength of quantum fluctuations and is sensitive to
the presence of quantum phase transitions46, defined as
Ev = −
∑16
s=1 λslog2λs. Here λs is obtained from a re-
duced density matrix ρi = Tri|Ψ0〉〈Ψ0| =
∑16
s=1 λs|s〉〈s|,
where |Ψ0〉 is the ground state of two-orbital system and
Tri stands for tracing over all sites except the ith site.
|s〉 denotes 16 possible local states at each site. (See
Appendix B 5 for advantages of using the entanglement
entropy).
We find that for bandwidth ratio ofDW /DN = 2, there
are two phase transitions in both full and Ising Hund’s
coupling cases. The phase boundaries are marked by
dashed lines. While the first phase transition in each case
is of first order, the second one is of different type. In
3full Hund’s coupling case, a slope change can be observed
at the second transition, indicating a discontinuity in the
first derivative of entanglement entropy with respect to
U and occurence of a first-order phase transition, while
a discontinuity can only be detected in second derivative
of local entanglement entropy, indicating a second order
phase transition in Ising Hund’s coupling case. The re-
sults are fully consistent with those obtained from the
derivatives of groundstate energy. (See Appendix B 5)
The critical points are Uc1 ≈ 2.04 and Uc2 ≈ 2.3
in Ising Hund’s coupling case, and Uc1 ≈ 2.18 and
Uc2 ≈ 3.22 in full Hund’s coupling case47. Similar cal-
culations are done for bandwidth ratio of DW /DN = 3
and 1.3. Again, for DW /DN = 3, intermediate phase
is enlarged in full Hund’s coupling case with Uc1 ≈ 2.35
and Uc2 ≈ 4.9, compared to that in Ising limit where
Uc1 ≈ 2.33 and Uc2 ≈ 3.5. For DW /DN = 1.3, interme-
diate phase vanishes and a direct metal to Mott insulator
is detected in Ising limit with Uc ≈ 1.68, while intermedi-
ate phase is located between Uc1 ≈ 1.87 and Uc2 ≈ 2.1 in
full Hund’s coupling case. Obviously, there are remark-
able differences between Ising and full Hund’s coupling
cases.
-6 -3 0 3 6
0.0
0.6
DW/DN=2.0
JZ=U/4,J'=0
 
D
O
S
 Narrow
 Wide
 
 

(b) U=1.0 Ising
-6 -3 0 3 6
0.0
0.6
 
D
O
S
 
 

(d) U=2.1 Ising
-6 -3 0 3 6
0.0
0.6
DW/DN=2.0
JZ=J'=U/4
 
D
O
S
 Narrow
 Wide
 
 

(a) U=1.0 Full
-6 -3 0 3 6
0.0
0.6
 
D
O
S
 
 

(e) U=5.0 Full
-6 -3 0 3 6
0.0
0.6
 
D
O
S
 
 

(f) U=3.0 Ising
-6 -3 0 3 6
0.0
0.6
 
D
O
S
 
 

(c) U=3.0 Full
FIG. 2: (Color online) Orbital resolved densities of states in
metallic states (a), (b), orbital selective Mott phases (c), (d)
and Mott insulating states (e), (f) for full and Ising Hund’s
coupling cases. Here, a Lorentz broadening factor of 0.1 is
used.
The properties of the three phases in the two different
cases are investigated in the following for DW /DN = 2.
From the plots of DOSs in Fig. 2, we find that the systems
undergo two consecutive phase transitions in both cases
from metallic states with finite DOS at the Fermi level
(Fig. 2 (a) and (b)) to Mott insulators with clear upper
and lower Hubbard bands (Fig. 2 (e) and (f)) through
intermediated OSM phases where one band is metallic
while the other is insulating (Fig. 2 (c) and (d)) as a func-
tion of U . Furthermore, we can find in the OSM phases
that, while a central peak preserves at the Fermi level in
wide band of full Hund’s coupling case (Fig. 2 (c)), a dip
is present at ω = 0 in wide band of Ising Hund’s coupling
case (Fig. 2 (d)). The difference becomes even remark-
able as the Lorentz broadening factor is extrapolated to
zero. (See Appendix B 1 for more data and details).
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FIG. 3: (Color online) Orbital resolved imaginary parts of
self-energies in metallic states (a), (b), orbital selective Mott
phases (c), (d) and Mott insulating states (e), (f) for full and
Ising Hund’s coupling cases.
In order to determine the nature of the above three
phases, we further investigate the imaginary part of self-
energy in Matsubara frequency ImΣ(iωn) as depicted in
Fig. 3. In metallic phases (Fig. 2 (a) and (b)), ImΣ(iωn)
of narrow and wide bands goes to zero as frequency goes
to zero in each case, implying that both are the Fermi
liquids. In insulating states (Fig. 2 (e) and (f)), all the
quantities diverge proximity to zero frequency, which is
a typical behavior of Mott insulator2,3. However, in the
intermediate OSM phases, ImΣ(iωn) of wide bands ex-
hibits distinct behavior in different cases. It approaches
zero as frequency goes to zero in full Hund’s coupling
case, ImΣ(iωn) remains finite in Ising Hund’s coupling
case, indicating presence of non-Fermi liquid where no
long-lived quasiparticle exists at the Fermi level. (See
Appendix B 2 for more data).
It is interesting to explore the underlying physics of
such a difference. Therefore, we calculate local dynamical
spin correlations, defined as
χαβsp (t) = −iθ(t)〈Ψ0|[szα(t), szβ(0)]−|Ψ0〉, (4)
where θ(t) is a step function, 2szα(t) = n
↑
α − n↓α is z-
component of local spin operator of α band at time t,
Ψ0 the groundstate, and [, ]− denotes commutator of two
operators. The total spin correlation is given by χtotsp (t) =∑
α,β χ
αβ
sp (t). After performing a Fourier transformation,
χtotξ (z = ω + iη) = −Im
∫ ∞
−∞
eiztχtotξ (t). (5)
we obtain local dynamical spin susceptibility as shown
in Fig. 4. Here, we only plot the imaginary parts since
the real parts can be reproduced by Kramers-Kronig re-
lations.
It is found that in each case, a strong peak at low fre-
quency develops when U approaches the critical value of
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FIG. 4: (Color online) Total local dynamical spin susceptibil-
ities in metallic and orbital selective Mott (OSM) phases for
full (a) and Ising (b) Hund’s coupling cases. Here, a Lorentz
broadening factor of 0.1 is used. (c) and (d) show 〈S2z 〉 as a
function of U for full and Ising Hund’s coupling cases, respec-
tively.
first phase transition Uc1 as seen in Fig. 4 (a) and (b)
from U = 1.0 to 2.0. The peak position gives a mea-
sure of the Kondo temperature and acts as the coher-
ence scale below which the Fermi-liquid behavior sets
in33. As U further increases, the OSM phase appears.
The spin excitations becomes completely different be-
tween full and Ising Hund’s coupling cases (see U = 3.0
and 2.1 in Fig. 4 (a) and (b), respectively). While the
peak at low frequency entirely vanishes in Ising Hund’s
coupling case, it moves to even lower frequency with
reduced intensity in full Hund’s coupling case. Such
a difference can be understood from strong interaction
limit. As shown in Fig. 4 (c) and (d), 〈S2z 〉 asymptoti-
cally goes to 2/3 and 1 at large U limit in full and Ising
Hund’s coupling cases, indicating spin triplet and dou-
blet states, respectively. Since there are three degenerate
states (Sz = ±1, 0) in local Hilbert space in full Hund’s
coupling case, flipping a spin may cost low energy of the
order of D2W /(U
′−Jz −µ) through a virtual process like
| ↑, ↑〉 ↓→| ↑, 0〉 ↑↓→1/√2(| ↑, ↓〉 + | ↓, ↑〉) ↑, resulting in
a peak of spin excitations at low frequency. Here, arrows
inside |, 〉 represent for spin states of electrons on two or-
bitals of one site, and those outside |, 〉 denote spin states
of electrons on rest sites that are involved in the process.
The reduction of the intensity of low-energy spin excita-
tions across the transition from metal to the OSM phase
is due to the fact that in metallic state, both narrow and
wide bands provide channels for hybridizations between
neighboring sites, while in the OSM phase, only wide
band allows electrons to hop. In contrast, there are only
two degenerate states (Sz = ±1) in Ising Hund’s coupling
case. Therefore, no low-energy channel through virtual
process exists and flipping a spin from Sz = ±1 (| ↑, ↑〉
or | ↓, ↓〉) to Sz = 0 (| ↑, ↓〉) state simply costs energy of
the order of Jz. Such spin excitations are corresponding
to the first peak close to ω = 0 as seen in Fig. 4 (b) for
U = 2.1. (See Appendix B 4 for more data).
IV. DISCUSSION
From above comparison of local dynamical spin suscep-
tibilities in different OSM phases, it is obvious that dis-
appearance of low-energy local spin fluctuations leads to
vanishing of Kondo or coherence energy scale and emer-
gence of non-Fermi liquid. Further analyzing orbital re-
solved spin susceptibilities, we find that in the Fermi-
liquid OSM phase the spin excitations are both gapless
in wide and narrow bands even though narrow band is in-
sulating, while in the non-Fermi-liquid OSM phase, spin
excitations are gapped in narrow band but remain gapless
in wide band. (See Fig. 10 in Appendix) These indicate
that although charge degrees of freedom between orbitals
are decoupled in both OSM phases23, the spin degrees
of freedom behave distinctly, dependent on whether the
coupling between orbitals is full or of Ising type. If full,
the spins of different orbitals are strongly coupled with
each other. Otherwise, the spins are decoupled between
orbitals and the spin in narrow band acts as an effective
magnetic field relative to that in wide band. Therefore,
the widely accepted scenario for the OSM phase23 should
be revised.
Finally, we should point out that although we only
study full and Ising Hund’s coupling cases, the results
of the cases with J ′ < Jz should be similiar to those in
Ising limit. This can be understood from renormalization
group flow of the ferromagnetic Kondo impurity model49.
For a metallic band, it predict that spin flip term J ′ is
renormalized to zero but the Ising term Jz to a finite
value. For an insulating band, since the system is gapped,
J ′ < Jz becomes irrelevant for low-energy properties and
the Ising term is renormalized to a finite value. Above
analyses are further corroborated by numerical calcula-
tions on a ferromagnetic Kondo lattice model including
onsite Coulomb repulsion U31,50. Therefore, our results
indicate that quantum non-Fermi liquid, which is charac-
terized by vanishing of low-energy local spin fluctuations,
may generally exist in many correlated multi-orbital ma-
terials if those are in OSM phases, since Hund’s coupling
is usually anisotropic due to noncubic octahedral distor-
tions.
V. CONCLUSION
In conclusion, we find that local entanglement entropy
can be used to determine the critical values and the na-
ture of OSM phase transitions efficiently and thus can
resolve existing contradictions. We reveal that the ab-
sence of low-energy local spin fluctuations in the OSM
phase is responsible for the appearance of non-Fermi liq-
uid at zero temperature. Our study indicates that the
5OSM transition happens when orbitals are decoupled in
charge channel, while the nature of the OSM phase is
determined by the fact of whether the orbitals are decou-
pled in spin channel, which is different from the widely
accepted senario for the OSM phase23.
In fact, absence of low-energy local spin fluctuations
may also be a general origin for the non-Fermi liquid
observed in one-band Hubbard model. As short-range
antiferromagnetic order is taken into account on non-
frustrated lattice, for example the study of Mott tran-
sition by cluster extension of DMFT45,51, the low-energy
local spin fluctuations have to be suppressed due to the
development of inter-site spin-spin correlations as a func-
tion of U , and therefore non-Fermi liquid appears in the
vicinity of Mott transition. Our findings on the origin of
quantum non-Fermi liquid may also be applicable to ac-
count for non-Fermi-liquid state in heavy Fermion metals
with crystal field anisotropy as it was accepted that the
Kondo-breakdown and the quantum OSM phase transi-
tions are conceptually identical20.
Moreover, it is interesting to go beyond the local ap-
proximation to the electronic correlations, a limitation
of single-site DMFT, and consider the effect of nonlo-
cal correlations as well as various ordered states on the
OSM phase, since various antiferromagnetic fluctuations
were reported in iron-based superconductors. Recently,
pioneer works in one dimensional systems have revealed a
lot of novel results related to the OSM phase after spatial
fluctuations are fully taken into account52–54.
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Appendix A: introduction to dynamical mean field
theory with exact diagonalization
In the framework of dynamical mean field theory
(DMFT), the lattice model is mapped onto an Anderson
impurity model. The mapping is exact in infinite dimen-
sion3. According to this mapping, the local Green’s func-
tion and the self-energy of lattice model must be identical
to those of the Anderson impurity model, which serves as
a self-consistent condition. When exact diagonalization
(ED) is employed as an impurity solver3,44 as is used
in this paper, the crucial step is to establish an effec-
tive Anderson impurity model with discretized bath and
optimized bath parameters, with which the Weiss field
of the original lattice model can be reproduced by the
noninteracting Green’s function of the discretized An-
derson impurity model as precisely as possible, in each
self-consistent loop.
In the following, we will describe above process based
on the two-orbital Hubbard model (1) which is defined in
the Sec. II. The local Green’s function of the two-orbital
Hubbard model (1) is calculated as
Gγ(iωn) =
∫ +∞
−∞
ργ()d
iωn + µ− Σγ(iωn)−  , (A1)
where γ = N, W is band index with N and W de-
noting narrow and wide band, respectively. ργ() =
2
√
1− ( Dγ )2/piDγ is the noninteracting density of states
of γ band of the two-orbital Hubbard model (1) on Bethe
lattice, where Dγ is the half bandwidth. µ is chemical
potential and Σγ(iωn) is the local self-energy of γ band.
Here, ωn is the Matsubara frequency. The Weiss field
g0γ(iωn) can be obtained through the Dyson equation as
g−10γ (iωn) = G
−1
γ (iωn) + Σγ(iωn). (A2)
On the other hand, the noninteracting Green’s func-
tion ĝ0γ(iωn) of the corresponding two-orbital Anderson
impurity model can be written as
ĝ−10γ (iωn) = iωn + µ−
∑
k
V ∗kγVkγ
iωn − k (A3)
where k is the bath energy, Vkγ denotes the hybridiza-
tion between bath and the local orbitals on the impurity.
The corresponding two-orbital Anderson impurity model
reads
Heff =
∑
kσ
kC
†
kσCkσ +
∑
kγσ
[
VkγC
†
kσdγσ + V
∗
kγd
†
γσCkσ
]
+ U
∑
γ
nγ↑nγ↓ + (U ′ − Jz)
∑
σ
nNσnWσ
+ U ′
∑
σ
nNσnWσ¯ − J ′
[
S+NS
−
W + S
−
NS
+
W
]
− Jp
[
C†N↑C
†
N↓CW↑CW↓ + C
†
W↑C
†
W↓CN↑CN↓
]
,
(A4)
with U , U ′ and Jz, J ′, Jp the same meaning as their
counterparts of the original two-orbital Hubbard model
(1) on Bethe lattice.
In order to feasibly solve the effective two-orbital An-
derson impurity model (A4) with ED, we have to use
finite number of bath sites to optimally fit the contin-
uous bath. In this paper, we use 6 discrete bath sites
coupled to each orbital, i.e., 12 bath sites in total.
In practice, we start from an initial set of bath param-
eters {k, Vkγ} and calculate the impurity Green’s func-
tion Ĝγ(iωn) using ED and the noninteracting Green’s
function ĝ0γ(iωn), based on the effective two-orbital An-
derson impurity model (A4). Then the local self-energy
Σγ(iωn) can be obtained through the Dyson equation as
Σγ(iωn) = ĝ
−1
0γ (iωn)− Ĝ−1γ (iωn) (A5)
6Having obtained the local self-energy Σγ(iωn), one can
use Eq. (A1) to obtain the local Green’s function of
the original two-orbital Hubbard model (1) and a new
estimate for the Weiss field g0γ(iωn) is given by Eq.
(A2). When the new Weiss field g0γ(iωn) is obtained,
we must search a new set of bath parameters {k, Vkγ},
such that the discrete version of the noninteracting impu-
rity Green’s function gˆ0γ(iωn) gives a best fit to the new
Weiss field g0γ(iωn). In order to fulfill this requirement,
we employ the conjugate gradient method to minimize a
cost function which is defined as
χ2 =
1
Nmax
Nmax∑
n=1
W (ωn)
∑
γ
|g−10γ (iωn)− gˆ−10γ (iωn)|2
(A6)
where the Matsubara frequency is written as ωn = (2n+
1)pi/β with a fictitious temperature βDN = 200, which
serves as a low frequency cutoff. Nmax = 256 is the
upper limit of the summation, and W (ωn) = 1/ω
2
n is
a frequency dependent weight used to obtain a best fit
for low frequency part of g0γ(iωn). After the new effec-
tive two-orbital Anderson impurity model (A4) is built
in term of the new set of bath parameters {k, Vkγ} pro-
duced by the conjugate gradient method, the impurity
solver ED is again used to solve the new discretized two-
orbital Anderson impurity model (A4) and a new local
self-energy Σγ(iωn) is calculated. Such iterations con-
tinue until convergence is reached, where the difference
∆g0 between new Weiss field g
new
0γ (iωn) and the old Weiss
field gold0γ (iωn) is less than a tolerance of 10
−6. The dif-
ference ∆g0 is defined as
∆g0 = max{|gnew0γ (iωn)− gold0γ (iωn)|2γ=N,W } (A7)
Appendix B: Details of our results
In this work, the two-orbital Hubbard model on the
Bethe lattice with infinite connectivity z as defined in
the Sec.II is investigated by dynamical mean field the-
ory in combination with exact diagonalization3,44. Both
full and Ising Hund’s coupling are studied at differ-
ent bandwidth ratios, namely DW : DN = 1.3 : 1,
DW : DN = 2 : 1 and DW : DN = 3 : 1. It shows
that there are distinct differences between full and Ising
coupling. Firstly, although the OSM phase is observed in
both full and Ising Hund’s coupling cases at bandwidth
ratios of DW : DN = 2 : 1 and DW : DN = 3 : 1, the
region of the OSM phase for full Hund’s coupling is much
wider than that for Ising Hund’s coupling. Besides, at the
bandwidth ratio of DW : DN = 1.3 : 1, the OSM phase
takes place in the case of full Hund’s coupling, while only
a single Mott transition is observed in the case of Ising
Hund’s coupling. Secondly, the asymptotic behaviors of
DOS and imaginary part of self-energy in Matsubara fre-
quency proximity to the Fermi level in the OSM phase
indicate that a Fermi liquid state appears in the wide
band for full Hund’s coupling while a non-Fermi liquid
state is present for Ising Hund’s coupling. Furthermore,
the low-energy local spin excitations persist in the OSM
phase for full Hund’s coupling, while those disappear for
Ising Hund’s coupling. Through analysing the results
presented above, we conclude that the distinct behavior
of the low-energy local spin excitations is responsible for
the remarkable difference in the OSM phase between full
and Ising Hund’s coupling. In the following, we supple-
ment a detailed comparison between the cases of full and
Ising Hund’s coupling, especially in the OSM phase, at a
typical bandwidth ratio of DW : DN = 2 : 1.
1. DOS in the OSM phase
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FIG. 5: (Color online) The U dependence of DOS in the OSM
phase for the cases of full (a) and Ising (b) Hund’s coupling.
Solid lines denote wide band and dashed lines represent nar-
row band. Here, a Lorentz broadening factor of 0.1 is used.
In Fig. 5, we plot the U dependence of DOS in the
OSM phase for both full and Ising Hund’s coupling. It
can be seen that the narrow band is insulating while the
wide band remain metallic, indicating the presence of the
7OSM phase, for all values of U in both cases. Moreover,
a central peak at Fermi level is present in wide band for
full Hund’s coupling, indicating the presence of the Fermi
liquid, while a dip appears in wide band for Ising Hund’s
coupling, implying the occurrence of non-Fermi liquid.
The difference becomes even remarkable when the
lorentz broadening factor η is extrapolated to zero as
depicted in Fig. 6. For full Hund’ coupling, the DOS at
the Fermi level increases as the broadening factor η ap-
proaches zero, but that almost keeps constant for Ising
Hund’s coupling. The results suggest that the scatter-
ing rate or inverse of the life time of quasiparticles is
dominated by the imaginary part of self-energy for Ising
Hund’s coupling, while it is controlled by the lorentz
broadening factor η for full Hund’s coupling. This is
again a clear evidence that for Ising Hund’s coupling,
there is no long-lived quasiparticle, irrespective of how
the broadening factor is chosen, while for full Hund’s cou-
pling, quasiparticles have infinite life time as the lorentz
broadening factor η goes to zero. These conclusions can
be confirmed by the imaginary part of self-energy in Mat-
subara frequency as presented in Appendix B 2.
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FIG. 6: (Color online) The evolution of DOS of wide band at
the Fermi level as a function of the lorentz broadening factor
η in full and Ising Hund’s coupling cases. solid lines with
empty circle denote full Hund’s coupling, dashed lines with
filled diamond denote Ising Hund’s coupling.
2. imaginary part of the self-energy in Matsubara
frequency
The U dependence of imaginary part of self-energy on
the Matsubara axis ImΣ(iωn) in the OSM phase is il-
lustrated in Fig. 7. For both full (Fig. 7 (a)) and Ising
(Fig. 7 (b)) Hund’s coupling, ImΣ(iωn) of narrow band
diverges as the Matsubara frequency ωn is extrapolated
to zero for all values of U , indicating that the narrow
band becomes a Mott insulator. However, ImΣ(iωn) of
wide band exhibits different behavior in different cases.
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FIG. 7: (Color online) The U dependence of imaginary part
of self-energy in the Matsubara frequency ImΣ(iωn) in the
OSM phase in the case of full (a) and Ising (b) Hund’s cou-
pling. Solid lines denote wide band and dashed lines represent
narrow band.
It goes to zero as Matsubara frequency ωn goes to zero
in the case of full Hund’s coupling, implying the presence
of Fermi liquid, while it approaches a finite value in the
low-frequency limit in the case of Ising Hund’s coupling,
suggesting finite scattering rate and no long-lived quasi-
particles at the Fermi level, and the appearance of non-
Fermi liquid. The results of imaginary part of self-energy
in the Matsubara frequency are consistent with those of
DOS in the OSM phase as presented in Appendix B 1.
3. clarification of effective mass for Ising Hund’s
coupling
Evolution of the real part of self-energy of wide band in
real frequencyReΣ(ω) from metallic to the OSM phase as
a function of U is displayed in Fig. 8. From the behavior
of ReΣ(ω) close to ω = 0, it is found that there is a re-
markable difference in the OSM phase between full (Fig. 8
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FIG. 8: (Color online) The U dependence of real part of self-
energy in real frequency ReΣ(ω) of wide band from metallic
to the OSM phase for full (a) and Ising (b) Hund’s coupling.
Here, a Lorentz broadening factor of 0.1 is used.
(a)) and Ising (Fig. 8 (b)) Hund’s coupling. The slope
of real part of self-energy keeps negative in the vicinity
of the Fermi level in both metallic and the OSM phases
for full Hund’s coupling, while it changes abruptly from
negative in metallic phase to positive in the OSM phase
near the Fermi level for Ising Hund’s coupling. The posi-
tive slope is a characteristic feature for non-Fermi liquid.
By the definition of the effective mass where
m∗/m0 = (1− ∂ReΣγ(ω)
∂ω
|ω=0), (B1)
the effective mass of a correlated electron in non-Fermi-
liquid phase will be oddly smaller than the mass of a
bare electron. That’s the reason why we do not use the
effective mass to investigate the OSM transition, since
there is no long-lived quasiparticle in non-Fermi-liquid
phase and the effective mass is not well defined. Most
of the previous studies based on quantum Monte Carlo
solver40,48 and slave spin method37,38 were not aware of
this crucial point, simply due to the fact that slave spin
method does not take into account the dynamical fluctua-
tions and quantum Monte Carlo solver treats the effective
mass approximately as
m∗/m0 ≈ 1− ImΣγ(iω0)
ω0
, (B2)
4. dynamical spin susceptibility
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FIG. 9: (Color online) The evolution of dynamical spin sus-
ceptibility χtotsp (ω) as a function of U in the case of full (a)
and Ising (b) Hund’s coupling. Here, a Lorentz broadening
factor of 0.1 is used.
We display the evolution of dynamical spin susceptibil-
ity χtotsp (ω), which is defined in the Sec. III, as a function
of U in Fig. 9. From Fig. 9 (a), it is evident that the
low-energy local spin excitations which are responsible
for the Kondo resonance persist in both metallic and the
OSM phases in the case of full Hund’s coupling. On the
contrary, although the low-energy local spin excitations
appear in metallic phase, those are absent once the sys-
tem enters the OSM phase in the case of Ising Hund’s
coupling. Furthermore, the low-energy dynamical charge
fluctuations are substantially suppressed (not shown) in
the OSM phase for both cases. Hence, the low-energy
physics of the two-orbital system in the OSM phase is
9dominated by low-energy spin excitations. Thereby, it is
concluded that the distinct behavior of low-energy local
spin excitations is responsible for the remarkable differ-
ence in the OSM phase between full and Ising Hund’s
coupling.
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FIG. 10: (Color online) The orbitally resolved dynamical spin
susceptibility χαβsp (ω) in the OSM phases for both full (red)
and Ising (black) Hund’s coupling. Here, a Lorentz broaden-
ing factor of 0.1 is used.
In Fig. 10, we present the orbitally resolved dynamical
spin susceptibility χαβsp (ω) as defined in the Sec. III in the
OSM phases for both full and Ising Hund’s coupling. We
find that in the Fermi-liquid OSM phase, the spin exci-
tations are both gapless in wide and narrow bands even
though narrow band is insulating, while in the non-Fermi-
liquid OSM phase, spin excitations are gapped in narrow
band but remain gapless in wide band. These indicate
that although charge degrees of freedom between orbitals
are decoupled in both OSM phases23, the spin degrees
of freedom behave distinctly, dependent on whether the
coupling between orbitals is full or of Ising type. If full,
the spins of different orbitals are strongly coupled with
each other. Otherwise, the spins are decoupled between
orbitals and the spin in narrow band acts as an effective
magnetic field relative to that in wide band. Therefore,
the widely accepted scenario for the OSM phase23 should
be revised.
5. ground state energy
Fig. 11 shows groundstate energy and its first deriva-
tive with respect to U for full and Ising Hund’s coupling
as a function of U . It is found in Fig. 11 (b) that the
first derivative exhibits two discontinuities for full Hund’s
coupling as U is increased, while it displays only one
discontinuity for Ising Hund’s coupling, indicating two
first-order phase transitions happening for full Hund’s
coupling and one for Ising limit. Further doing second
derivative of groundstate energy with respect to U for
Ising Hund’s coupling, we find one more discontinuity
at larger U , indicating the occurrence of a second-order
phase transition. All the critical values and the nature
of the phase transitions are consistent with those derived
from entanglement entropy.
However, as has been widely noticed that the entan-
glement entropy which measures the strength of quan-
tum fluctuations is sensitive to the presence of quantum
phase transitions46, we find that it is also the case for the
OSM transitions. In the OSM phase, orbital fluctuations
are suppressed, leading to an abrupt reduction in the
entanglement entropy at the metal-to-OSM phase transi-
tion, which gives clearer indication for a strong first-order
phase transition than the groundstate energy does. In the
Mott phases, the charge fluctuations in both orbitals are
fully suppressed, resulting in a further decreasing of the
entanglement entropy. For full Hund’s coupling, while
groundstate energy varies smoothly at the OSM-to-Mott
phase transition, the entanglement entropy shows a clear
slope change, indicating an apparent discontinuity in the
first derivative of the entanglement entropy with respect
to U and therefore a first-order phase transition. To our
knowledge, we for the first time report the relation be-
tween derivatives of the entanglement entropy and the
order of the phase transition.
Finally, we should point out another reason why we use
entanglement entropy to determine the quantum OSM
transitions, rather than the other physical quantities,
such as the double occupancy in each orbital or interor-
bital correlation. This is due to the fact that the en-
tanglement entropy is the only quantity which captures
simultaneously the interorbital and intra-orbital charge
fluctuations, as well as the spin fluctuations.
Appendix C: Finite size effect
1. comparison of entanglement entropies obtained
from 12 bath sites and 8 bath sites
In Fig. 12, we show a comparison of the entangle-
ment entropies calculated in the framework of DMFT
with 6 bath sites coupled to each impurity and 4 bath
sites coupled to each impurity, namely 12 bath sites and
8 bath sites in total, respectively, in the ED solver for
both full and Ising Hund’s coupling. Only small devia-
tions are found between 6 bath sites per impurity and 4
bath sites per impurity in metallic and the OSM phases,
which does not affect the critical values and the natures of
phase transitions. Moreover, as we show in Appendix C 3
where DOS, imaginary part of self-energy, and dynam-
ical spin susceptibility are calculated within DMFT by
using 4 bath sites per impurity in ED solver, the natures
of metallic, OSM, and insulating phases are not affected
by the number of bath sites as well. Please note, we will
give the reason why there is a small deviation in next
section.
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FIG. 11: (color online) The groundstate energy (a) and the
first derivative of the groundstate energy (b) with respect to U
for full and Ising Hund’s coupling as a function of interaction
U .
2. effect of bath discretization
A crucial step in the framework of DMFT combined
with ED solver is the bath discretization. We need to
search a set of optimized bath parameters which can min-
imize the difference between the Weiss field of the two-
orbital Hubbard model g0γ(iωn) and the noninteracting
impurity Green’s function of the discretized two-orbital
Anderson impurity model gˆ0γ(iωn). As shown in Fig. 13,
we find that gˆ0γ(iωn) derived from the discretized two-
orbital Anderson impurity model with 12 optimized bath
sites, namely 6 bath sites per impurity, can reproduce
g0γ(iωn) quantitatively well in all three phases, includ-
ing metallic phase (Fig. 13 (a) and (b)), the OSM phase
(Fig. 13 (c) and (d)), and Mott insulating phase (Fig. 13
(e) and (f)) in the case of full Hund’s coupling. Like-
wise, g0γ(iωn) can also be reproduced by gˆ0γ(iωn) in the
case of Ising Hund’s coupling as depicted in Fig. 14. Our
results suggest that the effect of bath discretization is
negligible when 6 bath sites per impurity is used. And
6 bath sites per impurity is large enough to give reliable
results quantitatively.
In addition, we should point out that the small devia-
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FIG. 12: (color online) Comparison of the entanglement en-
tropies as a function of U for full and Ising Hund’s coupling
calculated in the framework of DMFT with ED solver where
6 bath sites and 4 bath sites coupled to each impurity, namely
12 bath sites and 8 bath sites in total, respectively, are taken
into account.
tions found in Fig. 12 is due to small deviations between
g0γ(iωn) and gˆ0γ(iωn) when 4 bath sites per impurity
is used. Combining the results shown in Appendix C 1
and following Appendix C 3, we can conclude that even
4 bath sites per impurity is large enough to give reliable
results qualitatively.
In fact, in Ref.3 it was emphasized that the ED solver
in the framework of DMFT does not deal with a finite-
size lattice for the original lattice model. The discretiza-
tion concerns only the effective conduction bath in the
impurity-model formulation. Therefore, as long as one
can fit the Weiss field of lattice model by the non-
interacting Green’s function of the Anderson impurity
model with optimized discretized bath parameters, the
finite-size effect, or precisely speaking, the effect of bath
discretization, can be ignored.
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FIG. 13: (color online) The comparison between gˆ0γ(iωn) and
g0γ(iωn) calculated by 12 bath sites (6 bath sites per impu-
rity) for full Hund’s coupling. Solid lines denote g0γ(iωn)
and dashed lines denote gˆ0γ(iωn). The dashed and solid lines
are completely overlapped, indicating negligible effect of bath
discretization.
3. results with 4 bath sites coupled to each orbital
In the Sec. III, all the calculations in the framework
of DMFT combining with ED are carried out with to-
tally 12 bath sites. In order to clarify whether the given
results depend on the number of bath sites, we had per-
formed the calculations with totally 8 bath sites, namely
each orbital coupled to 4 bath sites, at bandwidth ra-
tio of DW : DN = 2 : 1. For comparison to the results
of 12 bath sites, the orbital resolved DOS, ImΣ(iωn),
static and dynamical spin susceptibility χtotsp (ω) are also
calculated. All the results from totally 8 bath sites agree
qualitatively well with those from totally 12 bath sites
for all U .
a. density of states
Fig. 15 displays the DOS produced by ED solver with
totally 8 bath sites. At small U as shown in Fig. 15 (a)
and (b), both bands have finite DOS at the Fermi level,
indicating metallic state in two bands for both types of
Hund’s coupling. When the onsite Coulomb interaction
is strong enough, the system enters insulating phase as
shown in Fig. 15 (e) and (f). The OSM phase is also
observed with totally 8 bath sites at intermediate values
of U in both full and Ising Hund’s coupling, e.g. seen
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FIG. 14: (color online) The comparison between gˆ0γ(iωn)
and g0γ(iωn) computed by 12 bath sites, namely 6 bath sites
per impurity, for Ising Hund’s coupling. Solid lines denote
g0γ(iωn) and dashed lines denote gˆ0γ(iωn). The dashed and
solid lines are completely overlapped, indicating negligible ef-
fect of bath discretization.
in Fig. 15 (c) and (d). In addition, a central peak at
the Fermi level in wide band in the OSM phase is clearly
present in the case of full Hund’s coupling as shown in
Fig. 15 (c), while a dip at the Fermi level appears in the
case of Ising Hund’s coupling as seen in Fig 15 (d). The
results are consistent with those obtained from totally 12
bath sites.
b. imaginary part of self-energy in Matsubara frequency
The imaginary part of self-energy in Matsubara fre-
quency ImΣ(iωn) is described in Fig. 16 for both types
of Hund’s coupling. ImΣ(iωn) of both narrow and wide
band approach zero as Matsubara frequency goes to
zero in metallic phase for both types of Hund’s coupling
(Fig. 16 (a) and (b)), implying both are the Fermi liquid,
while all quantities diverge proximity to zero frequency
in insulating phase (Fig. 16 (e) and (f)), which is the typ-
ical behavior of Mott insulator. In the OSM phase for
each type of Hund’s coupling, only the imaginary part
of self-energy in Matsubara frequency of narrow band
diverge (Fig. 16 (c) and (d)). The difference between
full and Ising Hund’s coupling is that the imaginary part
of self-energy in Matsubara frequency of wide band in
the OSM phase goes to zero as the Matsubara frequency
goes to zero in the case of full Hund’s coupling, while
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FIG. 15: (Color online) The orbital-resolved density of states
in metallic phase (a), (b), the OSM phase (c), (d), and Mott
insulating phase (e), (f). Here, a Lorentz broadening factor
of 0.1 is used.
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FIG. 16: (Color online) The imaginary part of self-energy in
Matsubara frequency ImΣ(iωn) in metallic phase (a), (b), the
OSM phase (c), (d), and Mott insulating phase (e), (f).
it approaches a finite value in the case of Ising Hund’s
couplng. The results again agree well with those given
by 12 bath sites.
c. dynamical spin susceptibility
As shown in Fig. 17, for full Hund’s coupling, the low-
energy local spin excitations persist in the OSM phase,
which is in sharp contrast to the absence of low-energy
local spin excitations in the OSM phase for Ising Hund’s
coupling. In addition, the static spin fluctuations ap-
proach 23 indicating the formation of local spin triplet
states in the case of full Hund’s coupling, and those ap-
proach 1 suggesting the formation of local spin doublet
states in the case of Ising Hund’s coupling, in the strong
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FIG. 17: (Color online) Dynamical spin susceptibility for full
(a) and Ising (b) Hund’s coupling, and static spin susceptibil-
ity for full (c) and Ising (d) Hund’s coupling. In (a) and (b),
a Lorentz broadening factor of 0.1 is used.
coupling limit. The results are the same as the results
from 12 bath sites.
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